Purpose: Children with traumatic brain injury (TBI) are at increased risk of posttraumatic epilepsy (PTE); the risk increases according to TBI severity. We examined the long-term incidence and risk factors for developing PTE in a cohort of children hospitalised at one medical centre with moderate or severe TBI. Methods: Moderate brain injury was classified as Glasgow Coma Score on Arrival (GCSOA) of 9-13, and severe brain injury as GCSOA 8. We collected demographics and clinical data from medical records and interviewed patients and parents at 5-11 years following the TBI event.
Introduction
Traumatic brain injury (TBI) is the leading cause of disability and mortality in individuals below the age of 45 years [1] . US data show a mortality rate of 24% for severe paediatric TBI [2] . Moreover, a systematic review and meta-analysis reported 6 times greater odds of having a poor quality of life among children with more rather than less severe TBI [3] . Three years after a moderate or severe TBI, children were shown to continue to score low on scales that assessed quality of life, functioning and participation in activities [4] .
Posttraumatic epilepsy (PTE) has a negative impact on the longterm quality of life in children following TBI [5] [6] [7] [8] [9] . Several studies in children [10] [11] [12] , as well as in adults [13] [14] [15] , have shown that the risk of PTE increases with the severity of TBI. In children with severe TBI, PTE was reported to worsen prognosis; and the onset of PTE was associated with developmental delay [16] . Due to the adverse sequelae and the long-term risk of PTE in children with moderate and severe TBI, the identification of children in this population who are at high-risk for epilepsy is important for future management and follow-up. We examined the long-term incidence and risk factors for developing PTE in a cohort of children hospitalised at one medical centre with moderate or severe TBI.
2011 with a diagnosis of TBI. Exclusion criteria were presentation to the emergency department more than 24 h after the insult, TBI leading to mortality during the initial admission, a prior diagnosis of epilepsy, a diagnosis at any time during the follow-up period of an epileptogenic brain lesion that was deemed by a paediatric neurosurgeon as unrelated to the TBI and a chronic illness that could cause epileptic episodes.
We collected demographic data, as well as details of injury mechanism, posttraumatic clinical features, the need for primary neurological and/or other surgery, length of hospital stay and the presence of neurological deficits at the time of discharge. We characterised the mechanism of injury according to: fall from height <1 m, fall from height >1 m, motor vehicle accident (MVA), blunt trauma and penetrating injury. We examined case records for clinical and neurological assessment at arrival. For the purpose of subsequent variate analyses, injury severity stratification was defined solely by the Glasgow Coma Score on Arrival (GCSOA) À moderate brain injury was classified as GCSOA 9-13, and severe brain injury as GCSOA 8 [17] . We collected information from computed tomography (CT) studies performed at initial presentation. We coded the reports into the following categories: appearance of fracture, haemorrhage or contusion (with their locations); the presence of pneumocephalus, mass effect and oedema. The presence or absence of a mass effect was determined by the evidence of either a midline shift of the septum pellucidum or effacement of any cerebral ventricle. We reviewed original imaging data of patients for whom no findings were documented on the medical records.
During December 2015 -April 2017, we contacted all the children included in the study for a phone survey. We interviewed the parents of children younger than 18 years at the time of follow-up.
The primary outcome measure was the incidence of epilepsy following TBI, which was defined as two or more unprovoked seizure episodes [10, 18] . Posttraumatic seizure (PTS) was defined as a single, non-recurrent convulsive episode that occurred more than 24 h following injury; [19, 20] and immediate PTS as a seizure occurring in the first 24 h following injury [21] . We interviewed patients and parents regarding epileptic episodes that occurred after discharge; past and current use of antiepileptic drugs (AED); current epileptic status; current cognitive, mental and intellectual status; and the presence of disabilities requiring ongoing care. The ethical committee of Hadassah Medical Centre approved the study. Informed consent was obtained prior to each telephone interview.
Statistical analysis
Descriptive statistics were calculated for all categorical variables; means, standard deviations (SD), medians and ranges were calculated for numeric variables. Fisher's exact test and the Mann-Whitney test were applied to examine associations of categorical and quantitative prognostic factors, respectively, with the development of PTE. Correlations of prognostic factors with the time to the occurrence of the first PTS were assessed by KaplanMeier analysis. Statistical analyses were two-tailed and significance was set to p-value 0.05.
Results
A total of 116 children were admitted to our medical centre with moderate-to-severe TBI during the study period. Of them, 19 suffered fatal injuries, the majority of which were a result of brain death. One child was lost to follow-up and one parent declined participation in the study. The 95 remaining patients (82%) were included in the final data analysis. All children underwent CT scans at admission. The median time of follow-up was 7.3 years (min 5.8, max 11, mean 7.5 AE 1.2 years). Nine patients (9%) developed PTE. Of 64 patients with moderate TBI, four (6.3%) developed PTE. Of 31 patients with severe TBI, five (16.1%) developed PTE. Thus, the odds for developing PTE was 2.9 in patients with severe compared to moderate TBI.
Patients who did and did not develop PTE had similar distributions of age, sex, time from injury at hospital arrival and mechanism of fall, as well as similar mean Glasgow Outcome Scale (GOS) at discharge (Table 1) . Individual data for the 9 patients with PTE are presented in Table 2 . The mean GCSOA score was lower for patients with PTE than for those without PTE (7.6 AE 4.0 and 10.2 AE 3.1, respectively). CT findings showed fractures in 7/9 (78%) of patients with PTE, compared to 40/86 (47%) of those without PTE (p = 0.09). All the PTE patients with fractures had additional features on CT (haemorrhage, contusion, mass effect, pneumocephalus, oedema), compared to 29/40 (73%) of the patients without PTE. Six (67%) of PTE patients required neurological surgery, compared to 27 (31%) of those without PTE. The mean length of hospitalisation was longer for patients with than without PTE (13.2 AE 9.3 and 7.4 AE 10.8, respectively). For the 9 patients with PTE, the length of hospitalisation ranged from 1 to 29 days (median 9 days). Mean GOS at discharge was similar for patients with and without PTE (3.6 AE 1.1 and 4.0 AE 1.1, respectively). One of nine (11%) PTE patients and 10 of 86 (12%) patients without PTE had immediate seizures, as witnessed and documented by medical staff, either en route or after arriving to the hospital. For the 13 children (13.7%) who experienced at least one seizure, the mean time between the TBI event and the first seizure was 11.7 months (min 1 day, max 8.3 years, SD 2.3 years).
Of the 9 children (9.5%) diagnosed with epilepsy, 4 (4.2%) had intractable epilepsy. Three of the 5 children with severe TBI had intractable epilepsy, compared to 1 of the 4 children with moderate TBI. For the 9 children with PTE, the mean GOS was 3.6 (SD 1.14) at discharge and 3.0 (SD 2.0) at follow-up. For 3 of the patients, the first seizure occurred within 24-48 h of the injury. For two more, it occurred within 2 weeks of the injury. All 5 aforementioned seizure episodes occurred at initial admission and were witnessed by experienced medical personnel. One patient had a first seizure 2.5 years after the injury, and another at 8.5 years after the injury; both of the latter had severe TBI.
Discussion
This study shows a 9% incidence of PTE in children hospitalised with moderate or severe TBI, over a median follow-up period of 7.5 Table 2 Clinical characteristics of children with posttraumatic epilepsy following traumatic brain injury (TBI years. The risk was higher in patients with severe (defined as GCSOA 8) than moderate TBI (defined as GCSOA 9-13). The reported PTE incidence in children with moderate or severe TBI was ninefold higher than the incidence in children with mild TBI, of the same population [22] . The latter incidence was found to be almost 4.5 times higher than that in children of the general population. Our findings are congruent with other paediatric studies that showed the risk of PTE to increase with the severity of TBI [10] [11] [12] .
The findings of the current study contrast with a report of more than 70% of cases of PTE among children with severe TBI hospitalised at one medical centre during a 25-year period [16] . That study defined severe TBI as having a contusion of the brain, and identified age <2 years and GOS <7 points as prognostic risk factors, among others. However, in the current study, as in most literature on the topic, injury severity was determined by GCS on arrival, as a single or combined criterion. Additionally, in our study, the development of PTE was associated with GCSOA, but not with either age or GOS at discharge. Another US study that collected data from 29 children's hospitals reported PTS in 25% of children with severe TBI; however the rate of PTE was not investigated [23] .
The discrepancies between the studies mentioned above highlight the importance of determining uniform classifications of TBI severity, for comparing and interpreting research findings. Definitions vary in both the categorisation of GCS severity [10, [24] [25] [26] [27] , and in the consideration of other clinical features such as imaging findings, loss of consciousness and/or amnesia [12, 28, 29] . Our institution defines moderate TBI as a GCSOA of 9-13; this range has been shown to better predict morbidity and mortality [17] .
Additional risk factors for PTE appear to be the requirement for surgery after TBI and the presence of fractures in conjunction with CT findings such as haemorrhage, contusion, mass effect and oedema. However, none of these features alone presented at a significantly different rate among children who did and did not develop PTE. Other studies identified skull fractures [26, 27] and intracerebral haemorrhage [18, 26, 30] , as risk factors for PTE. A recent systematic review and meta-analysis identified loss of consciousness at the TBI event as a risk factor for PTE [15] .
Among the children with moderate-to-severe TBI in the present cohort, and among the patients with mild TBI of our earlier study, epilepsy was intractable for about half of the PTE patients. Similarly, intractable seizures developed in about half of children with severe TBI in a larger paediatric cohort [16] . As in our previous study of children with mild TBI, in the current cohort of moderate and severe TBI, a seizure within 24 h of the TBI event did not predict the later development of epilepsy. Thus, considering data from both studies, the responsiveness of PTE to medication and the lack of relationship between early seizures and epilepsy appear to be independent of the severity of TBI. The observation in both cohorts, of longer mean hospital stay among patients who developed PTE, compared with those who did not, suggests that longer hospitalisation may be associated with increased risk for PTE, within a TBI severity category.
For the patients who developed PTE in the current study, the median latency period from the TBI event to the first seizure was 3 days. For 7 (78%) of the patients, the first seizure occurred within one year of the TBI event; however, for the remaining 2 patients, the first seizure occurred more than 2 years after the event. This is congruent with other reports that showed the risk to be highest during the first year, yet to continue for as long as a decade [10, 15] .
While the precise mechanisms that cause PTE have not been elucidated, a number of models have been developed to examine the molecular, cellular and neural processes that occur following TBI, and to assess their relevance to epileptogenesis [31, 32] . Such processes start immediately at the time of injury and progress during the subsequent hours, days, and years. Processes that are considered to be involved in the progression from TBI to epilepsy include: immediate responses of the brain to the injury, which result in cell loss; changes in neural circuit organisation, which result in an imbalance between excitatory and inhibitory neurotransmission; [31] and increased permeability of the blood-brain barrier [33] . Similarities in regulated genes in models of TBI and of epilepsy attest to similarities in molecular events [34] . In an adult cohort, variations in neuronal glutamate transport genes were found to be associated with epileptogenesis following severe TBI [35] . Less is known about gene regulation in children. The role of inflammation in epileptogenesis in TBI has become a focus of increasing attention, particularly in regard to differences according to age [36] . Variability in neuroinflammation according to brain development is suspected to contribute to differences in outcomes between paediatric and adult TBI [37] . Specifically, younger patients could be more vulnerable to epileptogenesis due to a "window of susceptibility" for inflammation in the developing brain. On the other hand, other studies suggest greater resistance of the paediatric brain to seizures [36] . Both possibilities highlight the importance of conducting paediatric studies, rather than extrapolating data from adults. To promote early detection of subclinical seizure activity in our cohort, a small proportion of children with a high suspicion for developing PTE were monitored with two-lead EEG during their admission. However, due to the retrospective nature of this study, data regarding subclinical epileptogenesis was lacking.
Recent efforts invested in the search for genetic and molecular predictors of epileptogenesis may add prognostic value to clinical features such as those addressed in the present study. The possibility that MRI biomarkers can predict increased susceptibility to seizures and epileptogenesis was demonstrated in a rat model [38] . However, a search of the literature revealed few studies investigating biomarkers and gene associations in paediatric TBI patients; this contrasts with the abundant literature on adult TBI patients [39] . Nonetheless, a recent study in children revealed a potential biomarker related to corpus callosum, namely slower interhemispheric transfer time, to be associated with poorer prognosis in children with moderate or severe TBI [40] .
Differences in the definition of PTE, as well as in the categorisation of the severity of TBI make it difficult to generalise among studies. In the current report, PTE was defined as 2 or more seizures occurring more than 24 h after the TBI event. The exclusion of immediate seizures from this definition precludes an overestimation of the assessment of PTE prevalence. Nonetheless, it can be argued that the inclusion of seizures occurring between 24 h and 1 week after the insult À defined by other research as "early PTS" À may lead to overestimation of PTE prevalence. The causal relationship between early PTS and PTE in moderate-severe TBI is not well established; hence, inclusion of these seizures in the broader definition of PTE is reasonable [27, 41] .
The increased long-term risk for PTE among children with moderate and severe TBI offers an opportunity for prevention. Of the 9 patients with PTE in the current study, five were taking AED at the end of follow-up, two of them were given prophylactic AED. A Cochrane review that included 10 randomised controlled trials concluded that treatment with AED decreased the risk of early seizure (within one week of the TBI event) compared with placebo or standard care, but had no effect on late seizures. However, the evidence for both these findings was assessed as being of low quality [42] . It is possible that with more precise risk stratification for this population, prophylactic AED can be tailored and yield more sustained results. Early detection of PTE is also important during the aftermath of TBI. Along this line, continuous electroencephalography (EEG) has been shown to promote early detection of seizures, and thus to contribute to improved outcomes [43] . An upshot of the current research is that a subset of children with a higher risk of developing PTE may benefit from early continuous or close-interval EEG monitoring.
As information for this study was obtained from patients' and parents' recollections of events, the possibility of recall bias arises. We expect that the occurrence of seizures would be remembered. Thus, such bias seems more relevant to the timing of events rather than their occurrence. Due to its retrospective design, this research lacks comprehensive EEG, video-EEG and MRI data; these data are imperative for examining correlations of molecular mechanisms of epileptogenesis with their phenotypes in the paediatric population, The sample was relatively small, though single centre studies have advantages regarding uniformity of data. In light of the decreasing number of children reporting to hospitals with severe TBI, conducting single centre studies of this population may become increasingly difficult [44] . While differences in categorisation of moderate and severe TBI, and of definitions of PTE hamper generalisation to other studies, these terms were clearly defined for the current cohort.
Conclusion
We found early features of moderate and severe TBI in children to increase the long-term risk of PTE. This finding supports investigations of processes that transpire in the aftermath of paediatric TBI, and that promote epileptogenesis.
